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ARTICLE
HHEX is a transcriptional regulator of the
VEGFC/FLT4/PROX1 signaling axis during
vascular development
Sébastien Gauvrit 1, Alethia Villasenor1, Boris Strilic2, Philip Kitchen3, Michelle M. Collins1, Rubén Marín-Juez1,
Stefan Guenther4, Hans-Martin Maischein1, Nana Fukuda1, Maurice A. Canham5, Joshua M. Brickman6,
Clifford W. Bogue 7, Padma-Sheela Jayaraman3 & Didier Y.R. Stainier 1
Formation of the lymphatic system requires the coordinated expression of several key
regulators: vascular endothelial growth factor C (VEGFC), its receptor FLT4, and a key
transcriptional effector, PROX1. Yet, how expression of these signaling components is
regulated remains poorly understood. Here, using a combination of genetic and molecular
approaches, we identify the transcription factor hematopoietically expressed homeobox
(HHEX) as an upstream regulator of VEGFC, FLT4, and PROX1 during angiogenic sprouting
and lymphatic formation in vertebrates. By analyzing zebraﬁsh mutants, we found that hhex
is necessary for sprouting angiogenesis from the posterior cardinal vein, a process required
for lymphangiogenesis. Furthermore, studies of mammalian HHEX using tissue-speciﬁc
genetic deletions in mouse and knockdowns in cultured human endothelial cells reveal
its highly conserved function during vascular and lymphatic development. Our ﬁndings that
HHEX is essential for the regulation of the VEGFC/FLT4/PROX1 axis provide insights into
the molecular regulation of lymphangiogenesis.
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Transcriptional regulation of endothelial cell fate andbehavior is key to shape and maintain a competentvascular network. During development, lymphatic endo-
thelial cells (LECs) have been reported to arise from a speciﬁc
subset of vein endothelial cells and require the VEGFC/FLT4/
PROX1 signaling axis for their migration, proliferation, and
differentiation1–3. However, how the expression of these signaling
components is regulated remains poorly understood. Of the
transcription factor genes regulating endothelial cell physiology,
hematopoietically expressed homeobox (hhex), also known
as proline rich homeodomain (prh), is one of the earliest
expressed by endothelial and hematopoietic precursors in
frogs4, zebraﬁsh5, and mice6. In zebraﬁsh, Hhex can positively
regulate endothelial and blood cell differentiation5; however,
analysis of a deletion allele which lacks hhex, as well as several
other genes, suggests that Hhex is not essential for early endo-
thelial and blood cell differentiation5. In mouse, Hhex mutants
have multiple developmental defects including marked abnorm-
alities in heart, liver, thyroid, and vascular formation7,8.
In human endothelial and leukemic cells, HHEX is known to
be a direct transcriptional regulator of VEGFA, VEGFR1, and
VEGFR29. However, its precise function during angiogenesis
and lymphangiogenesis remains unclear.
Through TAL effector nuclease (TALEN) mutagenesis, gene
expression analysis, transplantation experiments and endothelial-
speciﬁc overexpression, we show that in zebraﬁsh, Hhex functions
cell-autonomously in endothelial cells to regulate sprouting
angiogenesis from the posterior cardinal vein (PCV) and sub-
sequent lymphangiogenesis. We further show through knock-
down experiments in vitro and genetic deletions in vivo that this
crucial role during angiogenesis and lymphangiogenesis is con-
served in mammals. Overall, our data show that HHEX controls
blood vessel and lymphatic vessel formation by regulating the
VEGFC/FLT4/PROX1 signaling axis.
Results
Zebraﬁsh hhex mutants exhibit sprouting defects from the
PCV. HHEX is a transcription factor composed of a proline-rich
domain and a highly conserved homeodomain10. Previously,
we used the γ-ray-induced deletion allele b16 to investigate
hhex function in zebraﬁsh10. However, the b16 deletion affects
the lower telomeric region of chromosome 12 and removes hhex
and cyclops (ndr2) as well as at least 14 other genes11. b16
mutants display pleiotropic phenotypes including cyclopia and
curvature of the body axis12. Therefore, in order to determine
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hhex−/− larvae at 5 dpf. hhex mutant trunks exhibit a defect in the formation of the venous intersegmental vessels (vISVs), the thoracic duct (TD)
lymphatic vessel, and the dorsal longitudinal lymphatic vessel (DLLV) (arrowhead points to a vISV; arrows point to the ventrally positioned TD and dorsally
positioned DLLV; asterisks indicate lack of these structures). g, h Brightﬁeld lateral views of hhex+/+ and hhex−/− larvae at 5 dpf. Mutant larvae exhibit
pericardial edema (arrowhead). Scale bars: 100 μm
ARTICLE NATURE COMMUNICATIONS | DOI: 10.1038/s41467-018-05039-1
2 NATURE COMMUNICATIONS |  (2018) 9:2704 | DOI: 10.1038/s41467-018-05039-1 | www.nature.com/naturecommunications
more precisely the function of Hhex during zebraﬁsh develop-
ment, we generated hhex mutants using TALENs13. TALEN
pairs were designed against the homeodomain sequence
(Fig. 1a) and two different alleles were recovered: hhexs721
which carries a 10 bp insertion leading to a premature stop
codon and hhexs722, an in-frame deletion of three amino acids
(R149 to A151) in the second helix of the DNA-binding domain
important for the stability of the protein during its interaction
with DNA14 (Fig. 1b). In all our assays, both alleles exhibit the
same phenotype.
In the zebraﬁsh axial vasculature, sprouting angiogenesis
occurs in two waves. Sprouting from the dorsal aorta starts at
20 hours post fertilization (hpf) to give rise to arterial
intersegmental vessels (aISVs)15. Subsequently, endothelial
sprouting from the PCV occurs between 32 and 36 hpf15 and
this process gives rise to both venous ISVs (vISVs) and LECs16.
aISVs appear to form normally in hhex mutants (Supplementary
Fig. 1c, d); however, using the Tg(−5.2lyve1b:DsRed) line to
visualize the venous and lymphatics endothelial cells, we observed
that hhex mutants lack most sprouting vessels from the PCV
(Fig. 1c, d). Time-lapse imaging of wild-type and mutant embryos
show that while sprouting angiogenesis from the PCV is clearly
observed in wild-type siblings between 32 and 36 hpf, no cell
migration from the PCV is visible in hhex mutants at least until
48 hpf (Supplementary Movies 1, 2). Furthermore, at 5 days
post fertilization (dpf), hhex mutants exhibit pericardial edema
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Fig. 2 The Vegfc/Flt4 pathway is affected in zebraﬁsh hhex mutants. a–d Whole-mount in situ hybridization showing ﬂt4 (a, b) and vegfc (c, d) expression
in 24 hpf hhex+/+ and hhex−/− embryos. At 24 hpf, hhex mutants exhibit decreased ﬂt4 expression (asterisks), whereas vegfc expression in the PCV
appears to be slightly increased (arrowheads). e–h Whole-mount in situ hybridization showing ﬂt4 (e, f) and vegfc (g, h) expression at 32 hpf in hhex+/+
and hhex−/− embryos. At 32 hpf, hhex mutants exhibit a strong decrease in ﬂt4 expression (asterisks), whereas vegfc expression is clearly increased
in the PCV (arrowheads). x/y: number of embryos showing representative phenotype (x), number of embryos examined (y). i Trunk vasculature of 5 dpf
Tg(kdrl:EGFP); hhex−/− injected, or not, with full-length human FLT4 mRNA. hhex mutants exhibit partial rescue of their vISVs at 5 dpf (arrowheads
point to vISVs). j Quantiﬁcation of vISVs across 10 somites in 5 dpf non-injected hhex−/− (n= 6) and FLT4 mRNA-injected hhex−/− (n= 8). k Trunk
lymphatic vasculature of 5 dpf Tg(−5.2lyve1b:DsRed); hhex−/− injected, or not, with full-length human FLT4 mRNA. hhex mutants exhibit partial rescue
of their TD at 5 dpf (arrowheads point to vISVs and arrow points to TD). l Quantiﬁcation of TD extensions across 10 somites in 5 dpf non-injected hhex−/−
(n= 6) and FLT4 mRNA-injected hhex−/− (n= 7). Values represent means ± s.e.m. ****P≤ 0.0001 and *P≤ 0.05 by t-test. Scale bars: 50 μm
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(Fig. 1g, h), a near absence of vISVs, a complete loss of trunk
lymphatic vessels, and a strong reduction of facial lymphatic
vessels (Fig. 1e, f, Supplementary Fig. 1e–i, Supplementary Fig. 2).
Altogether, these observations indicate that Hhex regulates the
earliest step of sprouting angiogenesis and lymphangiogenesis
from the PCV.
Vegfc/Flt4/Prox1 signaling axis is affected in hhex mutants.
Angiogenesis is mostly regulated by vascular endothelial growth
factors (VEGFs) and their receptors (VEGFRs). Similar to hhex
mutants, vegfc and ﬂt4 (also known as vegfr3) mutants also fail to
initiate sprouting angiogenesis and lymphangiogenesis from the
PCV16–19. Additionally, hhex mutants exhibit a delayed forma-
tion of the primordial hindbrain channels at 26 hpf (Supple-
mentary Fig. 1a, b), similar to vegfc and ﬂt4 mutants17,18.
Therefore, we decided to examine the Vegfc/Flt4 signaling
pathway in hhex mutants. We ﬁrst assessed vegfc and ﬂt4
expression at 24 and 32 hpf by whole-mount in situ hybridization
(Fig. 2a–h). At 24 hpf, hhex mutants exhibit decreased ﬂt4
expression while vegfc was slightly increased and ectopically
expressed in the PCV (Fig. 2a–d). These changes were more
pronounced at 32 hpf, as ﬂt4 expression was greatly decreased in
hhex mutants, whereas vegfc expression in the PCV was clearly
increased (Fig. 2e–h). To test whether the phenotype we observed
in hhex mutants might at least in part be due to the modulation
of the Vegfc/Flt4 signaling pathway, we performed a rescue
experiment by injecting messenger RNA (mRNA) encoding full-
length human FLT4 as previously used in zebraﬁsh18. Confocal
imaging of the trunk vasculature of hhex mutant larvae and
quantiﬁcation of vISVs and thoracic duct (TD) extensions
revealed a partial rescue of vISVs and lymphatic formation after
FLT4 mRNA injection (Fig. 2i–l), indicating that the Vegfc/
Flt4 signaling pathway functions downstream of Hhex. Alto-
gether, these results show that Hhex is a crucial regulator of both
ﬂt4 and vegfc expression in the PCV during angiogenic sprouting.
In addition to its role in blood vessel development, the
VEGFC/FLT4 signaling axis also plays an instructive role during
lymphatic vessel development via activation of the transcription
factor PROX120,21. Given that hhex mutants display strongly
reduced lymphatic formation, we sought to determine whether
lymphatic speciﬁcation was affected in hhex mutants by
immunostaining for Prox1. In wild-type siblings at 36 hpf,
Prox1+ endothelial cells are observed in the dorsal part of the
PCV. In contrast, hhex mutants show a near absence of Prox1+
endothelial cells in the dorsal part of the PCV, suggesting that
hhex mutants lack lymphatic precursors (Fig. 3a–e). To conﬁrm
this result, we analyzed the TgBAC(prox1a:TagRFP) line which at
36 hpf labels lymphatic precursors prior to their migration from
the PCV20. Imaging the trunk vasculature of hhex mutants at 36
hpf conﬁrmed that the number of lymphatic precursors, as
assessed by TagRFP expression, were strongly decreased com-
pared to wild type (Fig. 3f–j).
Cell-autonomous requirement for Hhex in sprouting angio-
genesis. Since hhex is expressed not only in endothelial cells but
also in endodermal cells5,22 and the endoderm has been shown
to be important for sprouting angiogenesis from the PCV in
zebraﬁsh23, we sought to determine in which tissue(s) Hhex was
required for angiogenesis. First, we performed whole-mount
in situ hybridization for hhex expression at 36 hpf, when
sprouting angiogenesis starts from the PCV, and at 48 hpf when
vISVs have formed. At 36 hpf, hhex expression is enriched in
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budding endothelial cells in the PCV (Supplementary Fig. 3a); in
transverse sections, hhex expression is observed in the PCV and
in the ventral wall of the dorsal aorta (Supplementary Fig. 3b). At
48 hpf, hhex is expressed in vISVs and does not appear to be
expressed in aISVs based on in situ analysis (Supplementary
Fig. 3c). These data indicate that hhex is expressed in endothelial
cells during sprouting angiogenesis from the PCV.
To determine whether Hhex regulates its own expression,
we performed whole-mount in situ hybridization for hhex in
hhexs722 mutants at 32 hpf. Interestingly, we observed that
endothelial hhex expression was increased in hhex−/− compared
to wild-type (Supplementary Fig. 4a, b). To test whether
the hhexs722 allele encodes a non-functional protein, we injected
wild-type and mutant hhex mRNA into wild-type zebraﬁsh
embryos at the one-cell to four-cell stage (Supplementary Fig. 4c).
Overexpression of wild-type hhex led to strong developmental
defects when injecting 50 to 200 pg while injection of similar
amounts of hhexs722 mRNA had little effects on embryonic
development (Supplementary Fig. 4c). Altogether, these data
indicate that the hhexs722 allele encodes a non-functional protein
and that hhex can negatively regulate its own expression.
To investigate the requirement of hhex in endothelial cells
to form vISVs and LECs, we generated mosaic animals by
transplanting wild-type Tg(ﬂi1.ep:DsRedEx) donor cells into
TgBAC(etv2:EGFP) hosts derived from hhex+/− incrosses. At
5 dpf, we imaged successfully transplanted larvae and quantiﬁed
both vISV and TD extensions. We observed that transplanted
wild-type endothelial cells were able to contribute to arteries,
veins, and lymphatics in wild-type siblings as well as in mutant
hosts (Fig. 4a, b and Supplementary Fig. 5). Indeed, transplanted
wild-type cells could rescue both vISV and TD formation in hhex
mutants (Fig. 4c, d). Interestingly, wild-type and hhex mutant
cells could be observed in vISVs, suggesting a defect in tip cell
speciﬁcation or behavior in hhex mutant cells. Wild-type tip cells
may thus be sufﬁcient to guide hhex mutant stalk cells and
assemble a mosaic ISV. However, only wild-type cells were
detectable in the TD of hhex mutants hosts, indicating that hhex
is necessary for LEC differentiation.
To further test the endothelial-autonomous requirement of
Hhex in sprouting angiogenesis, we overexpressed hhex in
endothelial cells using the ﬂi1a promoter and visualized the
transgenic cells by fusing tdTomato to the hhex coding sequence
separated by a self-cleaving viral 2A peptide sequence (Fig. 4e).
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We generated a stable transgenic line, Tg(ﬂi1a:tdTomato-2A-
hhex), in which vascular and lymphatic development appeared
to be unaffected (Supplementary Fig. 6) and crossed it to
hhex+/−. Incrosses of Tg(ﬂi1a:tdTomato-2A-hhex); hhex+/− were
used to assess and quantify the rescue of the vascular phenotypes
at 5 dpf. Quantiﬁcation of vISV and TD extensions shows that
hhex expression in endothelial cells was sufﬁcient to rescue both
vISV and TD network formation in hhex mutants (Fig. 4f, g),
thereby conﬁrming the cell-autonomous function of Hhex during
the formation of these structures identiﬁed in the cell transplan-
tation experiments.
To identify additional Hhex target genes, we performed RNA
sequencing on 48 hpf hhex mutant endothelial cells, hhex-
overexpressing endothelial cells, and wild-type endothelial cells
(Fig. 4h). Analysis of gene set enrichments between endothelial
overexpression and mutant conditions pointed to a role for hhex
in lymphatic vessel development (upregulation) and hematopoi-
esis (downregulation) (Supplementary Fig. 7a, b), while compar-
isons between endothelial overexpression and wild-type
conditions pointed to a role for hhex in vascular development
(upregulation) and hematopoiesis (downregulation) (Supplemen-
tary Fig. 7c, d). By comparing endothelial overexpression and
mutant conditions, we also found that the expression of genes
implicated in lymphatic speciﬁcation (prox1a, prox1b, sox18,
nr2f2, mafba) and Flt4 signaling (nrp2a, nrp2b, ﬂt4) was
modulated by Hhex (Fig. 4h and Supplementary Table 1).
Interestingly, endothelial expression of sox18 and nr2f2 did
not seem to be affected in hhex mutants but was upregulated
following Hhex overexpression. The expression of venous
markers including stab1, stab2, ephb4a, ephb4b, and mrc1a did
not appear to be strongly modulated in hhex mutant endothelial
cells, except for that of lyve1b. As Hhex expression has been
shown to be enriched in tip cells24, we also checked different
tip cell markers (apln, aplnrb, adgrl4, esm1, igfbp3, pfkfb3) and
found that hhex overexpression enhanced aplnrb expression
but decreased apln expression. Finally, using quantitative PCR
(qPCR) analysis to further test the RNA sequencing data, we
found that hhex could regulate vegfc, ﬂt4, and prox1a expression
even though hhex overexpression was not sufﬁcient to increase
prox1a expression (Supplementary Fig. 7e). Altogether, these data
indicate that Hhex can cell-autonomously regulate the expression
of genes implicated not only in lymphangiogenesis but also in
sprouting angiogenesis.
HHEX regulates angiogenesis and lymphangiogenesis in
mammals. To determine whether HHEX function in angiogen-
esis and lymphangiogenesis is conserved in mammals, we ﬁrst
took advantage of a previously described Hhex-IRES-Venus
mouse reporter line25. We performed immunostaining on
transverse sections from embryonic (E) day E10.5 embryos
focusing on the CV region where LEC precursors are still located
within the vein and where speciﬁed LECs have already migrated
outside the vein. We observed Hhex reporter expression in
PECAM+ blood endothelial cells as well as in PECAM+/PROX1+
LECs (Fig. 5a–d). We also performed immunostaining on adult
skin and small intestine and observed that the Hhex reporter
is still expressed in blood endothelial cells and LECs (Fig. 5e–l).
These data show that the Hhex reporter is expressed by endo-
thelial cells in both blood and lymphatic vessels, from early
development until adulthood.
To understand the precise function of Hhex during angiogen-
esis and lymphangiogenesis, we reanalyzed the phenotype of the
global Hhex knockout by crossing Hhex ﬂoxed mice (Hhexﬂ/ﬂ)26
with Cmv-cre27 to induce recombination in all tissues. We found
that Hhexmutants were present at a Mendelian ratio at E10.5 and
that this ratio decreased starting at E11.5 as previously described8.
At E10.5, Hhex mutant mice exhibited pericardial edema
and developmental delay (Supplementary Fig. 8a, b). To
characterize the vascular phenotype, we ﬁrst performed whole-
mount PECAM immunostaining on E10.5 embryos and observed
strong vascular defects in the head and in the intersomitic vessels
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in the trunk (Supplementary Fig. 8c–f). We also analyzed the CV
region and found a decreased number of PROX1+ LECs within
the CV and these cells appeared to exhibit weaker PROX1
immunostaining than in wild-types (Supplementary Fig. 8g–i). At
E14.5, only 12.5% of Hhex mutants could be recovered (mostly as
dead or resorbed embryos), and the few surviving Hhex mutants
presented strong vascular defects and blood-ﬁlled lymphatics
(Supplementary Fig. 7j, k).
As the strong vascular defects we observed in Hhex mutants
can affect the number of lymphatic precursors, we decided to
cross Hhexﬂ/ﬂ with Tie2-cre mice28 which carry a cre transgene
active in the blood islands at early stages and targeting both
endothelial and hematopoietic cells29. No Tie2-cre Hhexﬂ/ﬂ
animals were recovered at birth, suggesting that mice lacking
Hhex in Tie2-expressing cells die during embryogenesis. At E10.5,
Tie2-cre Hhexﬂ/ﬂ embryos were recovered at a Mendelian ratio
and, similarly to what was observed with the global Hhex
mutants, this ratio decreased starting at E11.5. Tie2-cre Hhexﬂ/ﬂ
embryos exhibited pericardial edema and developmental delay
(Fig. 6a). Similarly, Flt4 mutant embryos started to die from
E10.5 due to severe cardiovascular defects and exhibited yolk
sac vasculature defects, pericardial edema, and developmental
delay30. We performed whole-mount FLT4 immunostaining on
E10.5 embryos and observed that Tie2-cre Hhexﬂ/ﬂ embryos
exhibited a strong decrease in FLT4 immunostaining notably
in the intersomitic vessels (Fig. 6b, c), possibly explaining the
vascular phenotype. To further characterize the vascular pheno-
type, we also performed whole-mount PECAM immunostaining
on E10.5 embryos and observed some vascular branching defects
in the head (Fig. 6d–f).
The VEGFC/FLT4/PROX1 signaling axis has been shown to
regulate the number of LECs in a dose-dependent manner21,31,32.
To investigate whether HHEX affects the number of LECs, we
quantiﬁed the number of PROX1+ cells in the CV region. Tie2-
cre Hhexﬂ/ﬂ mutants contained fewer PROX1+ endothelial cells
in the CV compared to wild-type siblings (Fig. 6g–i). Importantly,
and as observed in global Hhex−/− embryos, these LECs
were mostly within the vein and rarely outside. As decreased
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expression levels of Flt4 and Prox1 have been shown to trigger
the same phenotype, these results suggest a migration defect in
addition to the observed reduction in the number of LECs. At
E14.5, the percentage of Tie2-cre Hhexﬂ/ﬂ embryos recovered was
below the expected Mendelian ratio (around 15% instead of the
expected 25%), indicating that some Tie2-cre Hhexﬂ/ﬂ embryos
die at earlier stages. Tie2-cre Hhexﬂ/ﬂ embryos alive at this stage
exhibited severe lymphatic defects with edema and blood-ﬁlled
lymphatics (Fig. 7a, c, e-f). Moreover, whole-mount LYVE1
immunostaining revealed that Tie2-cre Hhexﬂ/ﬂ embryos exhibit
defects in the superﬁcial lymphatic vasculature including a
reduction in the number of lymphatic vessels (Fig. 7b, d). We
also examined the effects of deleting Hhex in Tie2-Cre-expressing
cells on the blood and lymphatic vasculature using the dorsal
skin model. At E14.5, LECs sprout and migrate towards the
dorsal midline to form a stereotypical network33. Whole-mount
immunostaining of the embryonic mouse skin with PECAM
and NRP2 antibodies showed that both blood and lymphatic
vascular networks were strongly affected in Tie2-cre Hhexﬂ/ﬂ
embryos compared to Hhexﬂ/ﬂ (Fig. 7g–j). Interestingly, lympha-
tic vessels in Tie2-cre Hhexﬂ/ﬂ mutants displayed decreased
intensity of NRP2 immunostaining compared to wild-type.
In order to investigate the role of Hhex during lymphatic
development, we crossed Hhexﬂ/ﬂ with Prox1-creERT2, a
tamoxifen-inducible cre recombinase expressed in LECs34.
Tamoxifen delivery from E10.5 to 12.5 to delete Hhex in
LECs after their speciﬁcation resulted in edema and blood-
ﬁlled lymphatics at E16.5 (Fig. 8a–d). Additionally, 10%
of Prox1-creERT2 Hhexﬂ/ﬂ embryos were found dead at this stage.
Whole-mount immunostaining of the embryonic mouse skin
with PECAM and NRP2 antibodies showed that the blood
vascular network was not affected in Prox1-creERT2 Hhexﬂ/ﬂ
embryos, while the lymphatic network was clearly affected
(Fig. 8e–h). The lymphatic vessels were shorter, wider, and
exhibited fewer branches in mutants compared to wild-types
(Fig. 8i–k). These results show that Hhex is important for
the establishment of the lymphatic network during dermal
lymphatic formation. Altogether, we investigated the role of
Hhex during blood and lymphatic vascular development using
global and conditional mouse mutants. The timing of Hhex
recombination as well as the different phenotypes observed in
Hhex−/−, Tie2-cre Hhexﬂ/ﬂ, and Prox1-creERT2 Hhexﬂ/ﬂ embryos
are summarized in Fig. 9.
To test whether the role of HHEX is conserved in humans,
we performed cell culture experiments to knockdown HHEX
in human umbilical vein endothelial cells (HUVECs) (Fig. 10a)
and in human dermal LECs (HDLECs) (Fig. 10b). Similarly to
what we observed in both zebraﬁsh and mouse embryos, decrease
of HHEX expression in HUVECs and HDLECs led to decreased
expression of FLT4 while VEGFC was upregulated (Fig. 10a, b).
Interestingly, HHEX knockdown in HDLECs also led to down-
regulation of PROX1 expression consistent with our observations
in zebraﬁsh and mouse (Fig. 10b).
Using in silico predictions, we identiﬁed putative HHEX
binding sites 2 kb upstream of the FLT4 transcriptional start site,
800 bp upstream of the PROX1 transcriptional start site, and
in the 3′ region of VEGFC. To test whether the transcriptional
changes we observed were a result of direct HHEX binding to
VEGFC, FLT4, and PROX1 regulatory elements or via indirect
routes, we performed chromatin immunoprecipitation (ChIP)
experiments using Myc-HHEX adenovirus transfected in
HUVECs (Fig. 10c). We observed a signiﬁcant enrichment of
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Myc-HHEX at the putative HHEX binding sites upstream of
the PROX1 transcriptional start site (Fig. 10c), suggesting that
PROX1 is a direct transcriptional target of HHEX. In contrast, our
analyses did not show binding of HHEX directly to potential
regulatory regions of FLT4 or VEGFC (Fig. 10c), suggesting that
HHEX regulation of these targets is indirect, or that other HHEX
binding sites are present in distal regions. Altogether, these data
indicate that HHEX regulates the VEGFC/FLT4/PROX1 axis in
zebraﬁsh, mouse, and human endothelial cells.
Discussion
Although the transcriptional networks underlying the development
of the blood and lymphatic vessels have started to become
better described, a complete understanding of these processes
remains a major goal. Here, using a combination of systems
and approaches, we have shown that the transcription factor
HHEX functions upstream of several key players in blood and
lymphatic vessel development, namely those of the VEGFC/FLT4/
PROX1 axis.
The formation of the lymphatic vasculature through the
VEGFC/FLT4/PROX1 axis is an evolutionarily conserved
process across vertebrates. Here, using zebraﬁsh, we showed that
hhex is necessary for venous and lymphatic sprouting from
the PCV. hhex mRNA expression is not restricted to lymphatic
precursors as marked by Prox1 expression, but is observed in
both venous endothelial cells and LECs during sprouting from
the PCV. hhex mutants exhibit unique gene expression changes,
with a strong decrease in ﬂt4 expression coupled to ectopic
expression of vegfc in the PCV. Interestingly, FLT4 over-
expression in zebraﬁsh hhex mutants did not completely
rescue the angiogenic defects. It is possible that the loss of hhex
function affects additional pathways involved in sprouting
angiogenesis from the vein, or that the FLT4 mRNA injections
are not able to provide adequate levels of Flt4 function when
needed. Furthermore, overexpression of hhex in endothelial cells
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increased ﬂt4 expression while vegfc was downregulated. One
possible explanation for these observations is that reduction of
ﬂt4 expression could affect vegfc expression and vice versa.
However, Le Guen et al.19 showed that ﬂt4 level was not affected
in vegfc morphants (and vice versa), thus indicating that Vegfc
and Flt4 do not cross-regulate each other transcriptionally. Thus,
Hhex appears to regulate at the same time and in an opposite
fashion the transcription of genes encoding a growth factor and
its receptor.
HHEX has also been implicated in a number of human
pathologies, with a crucial role in several types of cancer35,36.
HHEX is overexpressed in human acute myeloid leukemia35,
while in breast cancer HHEX functions as a suppressor of tumor
growth and negatively regulates VEGFC37. Additionally, HHEX
expression is upregulated in dermal LECs from type 2 diabetes
patients, suggesting a potential lymphatic role for HHEX in
pathological conditions38.
Our RNA sequencing data suggest that Hhex can negatively
regulate its own expression in endothelial cells. Using in situ
hybridization, we indeed observed that endothelial hhex expres-
sion was increased in hhex mutants. This ﬁnding is consistent
with a recent report in hematopoietic cells39.
PROX1 is one of the key transcription factors driving the fate
and speciﬁcation of LECs in all vertebrates. We found that hhex
mutants lack lymphatic precursors as assessed by Prox1 immu-
nostaining and TgBAC(prox1a:TagRFP) expression. Interestingly,
PROX1 is expressed in many of the same tissues and develop-
mental stages as HHEX, including hepatoblasts22. Here, we show
that HHEX and PROX1 are co-expressed in developing LECs and
that HHEX is necessary for PROX1 mRNA and protein expres-
sion. RNA sequencing data of endothelial cells from whole zeb-
raﬁsh embryos indicate that hhex overexpression does not
increase prox1a expression, suggesting that Hhex co-factors
present in subsets of endothelial cells might be necessary to drive
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prox1 expression. Hhex and Prox1 are also both expressed in
endodermal tissues in zebraﬁsh40 and mouse41 embryos, and it
will be interesting to analyze in detail the expression pattern of
these genes in wild-type and mutant animals to better understand
how these genes regulate and maintain the differentiation of
various cell types including LECs.
Our data show that Hhex is required cell-autonomously in
endothelial cells to promote venous and lymphatic sprouting.
Using transplants to generate genetic mosaics, we found that
tip cells in mutant hosts were always wild-type while hhex
mutant cells could participate in vISV formation, suggesting that
Flt4 signaling is not uniformly required for vISV formation but
only for tip cell identity and behavior. This observation has also
been reported in other sprouting angiogenesis contexts including
Wnt signaling and brain angiogenesis42. Additionally, we
observed that only wild-type cells could be found in the TD
indicating a strict cell-autonomous requirement for Hhex in LEC
formation in zebraﬁsh.
Using different mouse models, we show that Hhex is important
for angiogenesis and lymphangiogenesis. Hhex−/− embryos
exhibit severe developmental defects in blood and lymphatic vessel
development while Hhex deletion in a more speciﬁc cell popula-
tion using the Tie2-cre driver recapitulates the global knockout
phenotype. We found that Tie2-cre Hhexﬂ/ﬂ embryos exhibit a
strong decrease in FLT4 immunostaining at E10.5, possibly
explaining the vascular phenotypes. We also observed a reduced
number of Prox1+ cells within the cardinal vein at E10.5, and
these cells had not moved out of the vessel, thus also suggesting a
migration defect. It has been shown in mouse that reducing Vegfc,
Flt4, or Prox1 function affects lymphatic development through a
feedback loop that controls LEC precursor migration out of the
vein21,43. Therefore, the reduced pool of lymphatic precursors we
observed in Hhex mutants might be explained by the direct reg-
ulation of Prox1 by HHEX, while the migration defects might be
due to the downregulation of Flt4.
Tie2-cre mice have been shown to recombine in endothelial
and hematopoietic cells which could also explain the blood-ﬁlled
lymphatic phenotype we observed at later stages. To identify
the direct effects of Hhex on LECs and avoid early defects in vas-
cular development, we used a speciﬁc lymphatic cre line (Prox1-
creERT2) and found that Hhex recombination caused defects in the
formation of the lymphatics. Importantly, it has been reported
that Prox1-creERT2 is most effective at late embryonic stages
(from E12.5 in the skin)44, suggesting that the phenotype we
observed in the skin is due to a late deletion of Hhex, and may
explain why we observed LEC migration rather than speciﬁcation
defects. Determining the role of Hhex during early lymphangio-
genesis will likely require the use of other cre lines in order to
target earlier time points.
Importantly, our work has identiﬁed HHEX as a crucial
transcriptional regulator of lymphangiogenesis and provides
new insights into the transcriptional regulation of lymphatic
differentiation and homeostasis. Lymphedema, a dysfunction
of lymphatic vessels, has a worldwide incidence of 300 million
cases and almost half of the cases have a genetic origin45.
Yet, only very few causative mutations have been identiﬁed in
these patients, making the identiﬁcation of new candidate
genes or signaling pathways regulating lymphatic development
a crucial research interest46. Notably, most of the genes
implicated in lymphatic pathologies are associated with the
VEGFC/FLT4/PROX1 axis, which is essential for lymphatic
physiology not only during development1,3,31 but also during
tissue regeneration and cancer47. Therefore, the analysis of
additional HHEX targets may help identify novel genetic causes
of lymphedema, and also better modulate lymphatic vessels in
various pathologies.
Methods
Zebraﬁsh husbandry and strains. All zebraﬁsh husbandry was performed
under standard conditions in accordance with institutional (MPG) and
national ethical and animal welfare guidelines. We used the following lines:
TgBAC(etv2:EGFP)ci1 48, Tg(kdrl:NLS-mcherry)is4 49, Tg(kdrl:EGFP)s843 50, Tg(ﬂi1a:
nEGFP)y7 51, and Tg(ﬂi1a.ep:DsRedEx)um13 52, TgBAC(prox1a:KalT4-UAS:
uncTagRFP)nim5 53, and Tg(-5.2lyve1b:DsRed)nz101 54. All experiments were
performed using the hhexs722 allele.
Imaging. Images were acquired using a Nikon SMZ25, a Zeiss Stereo
Discovery V8, a Zeiss LSM780 confocal, or a Zeiss LSM800 confocal after
embryo anesthesia with a low dose of tricaine and immobilization in 2% low-
melting agarose in glass bottom petridishes (MatTek corporation). For time-lapse
imaging, images were acquired using a Zeiss Cell Observer SD microscope.
Embryos were mounted in 0.6% low-melting agarose and kept at 28 °C. Time-lapse
images were recorded every 30 min. Facial lymphatics were measured using the
ZEN software to determine the extent of formation of the different facial
lymphatic vessels55,56.
Generation of hhex mutants. hhex mutants were generated by TALEN muta-
genesis targeting exon 3. TALENs were assembled using the Golden Gate method13
and 100 pg of total capped RNA per TALEN arm was injected into one-cell stage
embryos. The following TAL effector domains RVDs were used: NI NG HD NG
NN NG HD NG HD HD NN HD HD HD NN NI NN and HD NG HD NN HD
NG NN NI NN HD NG NN HD NI NN HD NI NG HD NG.
Both alleles were genotyped by high-resolution melt analysis of PCR products.
The primer sequences can be found in Supplementary Data 1.
Quantiﬁcations. Quantiﬁcation of vISVs and TD extensions was performed across
somites located above the yolk sac extension.
FLT4 mRNA injections. Full-length human wild-type FLT4 cloned into pCS2
plasmid18 was linearized using NotI. FLT4 mRNA was then synthesized using a
mMESSAGE mMACHINE SP6 Kit (Life Technologies) and puriﬁed using an RNA
Clean and Concentrator Kit (Zymo Research). FLT4 mRNA was injected at 300 pg
per embryo at the one-cell stage.
Whole-mount in situ hybridization. For whole-mount in situ hybridization57,
embryos were ﬁxed in 4% paraformaldehyde (PFA) overnight at 4 °C and subse-
quently dehydrated in methanol and stored at −20 °C until needed. In the ﬁrst day,
embryos were rehydrated to phosphate-buffered saline (PBS)/0.1% Tween-20 and
then digested in 10 μg ml−1 proteinase K (Roche) followed by ﬁxation in 4% PFA.
Embryos were pre-incubated with hybridization buffer at 70 °C for 3 h and then
incubated with digoxigenin (DIG)-labeled RNA antisense probes at 70 °C over-
night. The next day, after washing, the embryos were incubated with alkaline
phosphatase-conjugated anti-DIG antibody (Roche) at 4 °C overnight. The last day,
after washing, the signal was visualized with NBT-BCIP staining solution (Roche).
Primer sequences used to generate the probes for hhex, ﬂt458, and vegfc59 can be
found in Supplementary Data 1.
Transplantation experiments. Cells from Tg(ﬂi1.ep:DsRedEx) wild-type donor
embryos were transplanted at mid-blastula stages into host embryos derived from
TgBAC(etv2:EGFP); hhex+/− heterozygous incrosses. Successfully transplanted
embryos were selected and imaged at 5 dpf. Quantiﬁcation of vISVs and TD
extensions was performed across four somites above the yolk sac extension.
Transgenesis. To generate the Tg(ﬂi1a:tdTomato-2A-hhex)bns136 line, tdTomato
was fused to the hhex coding sequence separated by a self-cleaving viral 2A peptide
sequence using Cold Fusion Technology (System Biosciences). To generate the line,
25 pg of Tol2 transposase mRNA and 25 pg of pTol2-ﬂi1a:tdTomato-2A-hhex DNA
were co-injected at the one-cell stage. The primers used for genotyping hhex
mutants in the transgenic endothelial overexpression background can be found in
Supplementary Data 1.
Quantiﬁcation and statistical analysis. No statistical methods were used to
predetermine sample size. The experiments were not randomized. The investiga-
tors were not blinded to allocation during experiments or outcome assessment,
except for the data shown in Figs. 2–4a, b. Representative images were selected
from at least three independent experiments. Statistical analysis was performed
using the GraphPad software. Values are presented as mean ± s.e.m. P values
(*P ≤ 0.05, **P ≤ 0.01, ***P ≤ 0.001, ****P ≤ 0.0001) were calculated using Student’s
t-test except for the qPCR (Mann–Whitney nonparametric test) and ChIP
(Bonferroni post hoc) experiments.
Mouse strains. All mice used were on a C57BL/6J background. The Hhexﬂ/ﬂ26,
Tie2-cre28, Prox1-creERT2 34, Cmv-cre27, and Hhex-IRES-Venus25 mouse strains
have been described. To generate Hhex+/− mice, Cmv-cre females were crossed
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with Hhexﬂ/ﬂ males. Mice positive for Cmv-cre were then outcrossed with
C57BL/6J mice to generate Hhex+/− mice. Deletion of the Hhex locus was
conﬁrmed by PCR60. To generate embryos, Hhex+/− males were crossed with
Hhex+l− females. Tie2-cre Hhexﬂ/+ males were crossed with Hhexﬂ/ﬂ females to
generate embryos. The day of vaginal plug observation was considered as
E0.5. Prox1-creERT2 animals were crossed with Hhexﬂ/ﬂ to generate Prox1-creERT2
Hhexﬂ/ﬂ. Cre-mediated recombination was induced at E10.5, 11.5, and 12.5 by
intraperitoneal tamoxifen injection (2.5 mg/25 g at 20 mgml−1). Embryos
were harvested at E16.5 for analysis. All mouse experiments were conducted in
accordance with institutional (MPG) and national ethical and animal welfare
guidelines.
Immunostaining. To perform PROX1 immunostaining23,61, zebraﬁsh
embryos were ﬁxed overnight in 4% PFA, washed in 100% methanol, incubated 1 h
on ice in 3% H2O2 in methanol, washed in 100% methanol, and stored at −20 °C.
Samples were then permeabilized in wash buffer (PBS/0.1% Tween/0.1%Triton),
blocked in 10% goat serum/1% bovine serum albumin in wash buffer
overnight at 4 °C, and incubated with Prox1 antibody (1:100, 102-PA32, Reliatech)
overnight at 4 °C. Samples were then washed ﬁve times with wash buffer,
followed by washes with maleic buffer (150 mM maleic acid/100 mM NaCl/0.001%
Tween-20 pH 7.4), followed by blocking in maleic buffer containing 2%
blocking reagent (Roche) for 3 h at room temperature, then incubated overnight
at 4 °C with goat anti-rabbit IgG–horseradish peroxidase (Abcam, ab6721, 1:1000)
for TSA signal ampliﬁcation. Following washes with maleic buffer and PBS,
samples were incubated for 3 h with TSA Plus Cyanine 5 reaction (Perkin
Elmer) and washed with wash buffer several times over 1–2 days at room
temperature.
To perform whole-mount immunostaining in mouse62, tissues were ﬁxed
overnight in 4% PFA and blocked overnight in blocking buffer (TSA blocking
reagent, Perkin Elmer). Tissues were then incubated for 2 days at 4 °C with
biotinylated antibodies in blocking buffer followed by biotin-streptavidin-
horseradish peroxidase ampliﬁcations using the Vectastain-ABC Kit (Vector labs).
For cryostat sections, E10.5 embryos were ﬁxed overnight in 4% PFA,
cryopreserved with 30% sucrose before immersion in OCT (Tissue-Tek), and
stored at −80 °C. Ten micrometer sections were selected (between the eyes and the
heart) to identify the bilateral cardinal veins and perform quantiﬁcation of LECs.
For the analysis of the dorsal dermal lymphatic network, E16.5 embryos were ﬁxed
for 2 h in 4% PFA before the dorsal skin was dissected and stained. Quantiﬁcation
of skin lymphatic vessels was performed using ImageJ. The antibodies used were
PECAM-1 (1:100, MEC13.3, BD Biosciences), GFP (1:100, GFP-1020, Aves Labs),
LYVE1 (1:100, 103-PA50, Reliatech), FLT4 (1:100, AF743, R&D Systems), and
NRP2 (1:100, AF567, R&D Systems).
Primary cells. HUVECs and HDLECs were obtained from Lonza, cultured with
endothelial growth medium-2 (Lonza), and conﬂuent cells were used at passage 6
or less. qPCR analysis of HUVECs showed very minimal expression of PROX1,
LYVE1, and PDPN.
siRNA-mediated knockdown. Cells were transfected with small interfering
RNAs (siRNAs) using Opti-MEM and Lipofectamine RNAiMAX (Invitrogen)63.
The target sequence of the two siRNAs directed against HHEX mRNA can be
found in Supplementary Data 1.
FACS sorting and RNA sequencing. For isolating endothelial cells from 48 hpf
Tg(kdrl:EGFP) siblings and hhex mutants, embryos were selected based on the
presence or absence of parachordal lymphangioblasts. Embryos were then
rinsed in HBSS (Gibco) followed by dissociation in TrypLE express (Gibco) at
28 °C with repeated pipetting. Endothelial cells were isolated using a BD Aria
sorter and sorted for EGFP+ or EGFP+/tdTomato+ signals (for Tg(kdrl:EGFP);
Tg(ﬂi1a:tdTomato-2A-hhex)). RNA was isolated using the miRNeasy Micro Kit
(Qiagen) combined with on-column DNase digestion (DNase-Free DNase Set,
Qiagen) to avoid contamination by genomic DNA. RNA and library
preparation integrity were veriﬁed with BioAnalyzer 2100 (Agilent) and
LabChip Gx Touch 24 (Perkin Elmer). 6 ng of total RNA was used as input for
SMARTer® Stranded Total RNA-Seq Kit–Pico Input Mammalian Kit
(Clontech). Sequencing was performed on a NextSeq500 instrument (Illumina)
using v2 chemistry, resulting in a minimum of 30M reads per library with 1 × 75 bp
single end setup. The resulting raw reads were assessed for quality, adapter
content, and duplication rates with FastQC (Andrews S. 2010, FastQC: a quality
control tool for high-throughput sequence data, http://www.bioinformatics.
babraham.ac.uk/projects/fastqc). Reaper version 13–100 was used to trim reads
after a quality drop below a mean of Q20 in a window of 10 nucleotides64. Only
reads between 30 and 150 nucleotides were cleared for further analyses. Trimmed
and ﬁltered reads were aligned vs. the zebraﬁsh genome version DanRer10
(GRCz10.87) using STAR 2.4.0a with the parameter “--out-
FilterMismatchNoverLmax 0.1” to increase the maximum ratio of mismatches to
mapped length to 10%65. The number of reads aligning to genes was counted with
featureCounts 1.4.5-p1 tool from the Subread package66. Only reads mapping at
least partially inside exons were admitted and aggregated per gene. Reads
overlapping multiple genes or aligning to multiple regions were excluded.
Differentially expressed genes were identiﬁed using DESeq2 version 1.6267. Only
genes with a maximum Benjamini–Hochberg corrected p value of 0.05, and a
minimum combined mean of ﬁve reads were deemed to be signiﬁcantly differen-
tially expressed. The Ensemble annotation was enriched with UniProt data
(release 06.06.2014) based on Ensembl gene identiﬁers. The gene set enrichment
analysis was performed using Metascape68 (www.metascape.org). The RNA-seq
data can be accessed via the accession code GSE111963 (https://www.ncbi.nlm.nih.
gov/geo/query/acc.cgi?acc=GSE111963). Validation of modulated genes was
performed by qPCR on dissected trunks in hhex mutants, wild-type siblings, and
Tg(ﬂi1a:tdTomato-2A-hhex) embryos.
Quantitative PCR. Total RNA was isolated using the RNA Micro Kit (Qiagen).
RNA was reverse transcribed using the Transcriptor High Fidelity cDNA Synthesis
Kit (Roche) according to the manufacturer’s instructions. qPCR reactions were
carried out using TaqMan Probe Master or SYBR Green I Master (Roche).
Primer sequences used in this study are provided in Supplementary Data 1.
Chromatin immunoprecipitation. HUVECs (5 × 106 cells per ChIP) were infected
with Adenovirus Myc-HHEX or Adenovirus GFP control virus and ChIP
experiments were done69 using a Myc antibody (CST #9B11, 3 μg/ChIP). qPCR
was performed in quadruplicate. All data were normalized to PRM2 (control).
The control region used is located in chromosome 18 where HHEX should not
bind. Primers used can be found in Supplementary Data 1.
Data availability. The authors declare that all data supporting the ﬁndings of
this study are available within the article and its supplementary information ﬁles
or from the corresponding authors upon reasonable request.
The RNA-seq data have been deposited in the NCBI’s Gene Expression
Omnibus database under accession code GSE111963.
Received: 2 August 2017 Accepted: 25 May 2018
References
1. Karkkainen, M. J. et al. Vascular endothelial growth factor C is required for
sprouting of the ﬁrst lymphatic vessels from embryonic veins. Nat. Immunol.
5, 74–80 (2004).
2. Zhang, L. et al. VEGFR-3 ligand-binding and kinase activity are required for
lymphangiogenesis but not for angiogenesis. Cell Res. 20, 1319–1331 (2010).
3. Wigle, J. T. & Oliver, G. Prox1 function is required for the development of the
murine lymphatic system. Cell 98, 769–778 (1999).
4. Newman, C. S., Chia, F. & Krieg, P. A. The XHex homeobox gene is
expressed during development of the vascular endothelium: overexpression
leads to an increase in vascular endothelial cell number. Mech. Dev. 66, 83–93
(1997).
5. Liao, W., Ho, C. Y., Yan, Y. L., Postlethwait, J. & Stainier, D. Y. Hhex and scl
function in parallel to regulate early endothelial and blood differentiation in
zebraﬁsh. Development 127, 4303–4313 (2000).
6. Ghosh, B. et al. Immunocytochemical characterization of murine Hex, a
homeobox-containing protein. Pediatr. Res. 48, 634–638 (2000).
7. Hallaq, H. et al. A null mutation of Hhex results in abnormal cardiac
development, defective vasculogenesis and elevated Vegfa levels. Development
131, 5197–5209 (2004).
8. Martinez Barbera, J. P. et al. The homeobox gene Hex is required in deﬁnitive
endodermal tissues for normal forebrain, liver and thyroid formation.
Development 127, 2433–2445 (2000).
9. Noy, P., Williams, H., Sawasdichai, A., Gaston, K. & Jayaraman, P. S. PRH/Hhex
controls cell survival through coordinate transcriptional regulation of vascular
endothelial growth factor signaling. Mol. Cell. Biol. 30, 2120–2134 (2010).
10. Ho, C. Y., Houart, C., Wilson, S. W. & Stainier, D. Y. A role for the
extraembryonic yolk syncytial layer in patterning the zebraﬁsh embryo
suggested by properties of the hex gene. Curr. Biol. 9, 1131–1134 (1999).
11. Talbot, W. S. et al. Genetic analysis of chromosomal rearrangements in the
cyclops region of the zebraﬁsh genome. Genetics 148, 373–380 (1998).
12. Hatta, K., Kimmel, C. B., Ho, R. K. & Walker, C. The cyclops mutation
blocks speciﬁcation of the ﬂoor plate of the zebraﬁsh central nervous system.
Nature 350, 339–341 (1991).
13. Cermak, T. et al. Efﬁcient design and assembly of custom TALEN and other
TAL effector-based constructs for DNA targeting. Nucleic Acids Res. 39, e82
(2011).
14. Souﬁ, A. & Jayaraman, P. S. PRH/Hex: an oligomeric transcription factor and
multifunctional regulator of cell fate. Biochem. J. 412, 399–413 (2008).
ARTICLE NATURE COMMUNICATIONS | DOI: 10.1038/s41467-018-05039-1
12 NATURE COMMUNICATIONS |  (2018) 9:2704 | DOI: 10.1038/s41467-018-05039-1 | www.nature.com/naturecommunications
15. Isogai, S., Lawson, N. D., Torrealday, S., Horiguchi, M. & Weinstein, B. M.
Angiogenic network formation in the developing vertebrate trunk.
Development 130, 5281–5290 (2003).
16. Yaniv, K. et al. Live imaging of lymphatic development in the zebraﬁsh.
Nat. Med. 12, 711–716 (2006).
17. Villefranc, J. A. et al. A truncation allele in vascular endothelial growth factor c
reveals distinct modes of signaling during lymphatic and vascular
development. Development 140, 1497–1506 (2013).
18. Hogan, B. M. et al. Vegfc/Flt4 signalling is suppressed by Dll4 in
developing zebraﬁsh intersegmental arteries. Development 136, 4001–4009
(2009).
19. Le Guen, L. et al. Ccbe1 regulates Vegfc-mediated induction of
Vegfr3 signaling during embryonic lymphangiogenesis. Development 141,
1239–1249 (2014).
20. Koltowska, K. et al. Vegfc regulates bipotential precursor division and
Prox1 expression to promote lymphatic identity in zebraﬁsh. Cell Rep. 13,
1828–1841 (2015).
21. Srinivasan, R. S. et al. The Prox1-Vegfr3 feedback loop maintains the identity
and the number of lymphatic endothelial cell progenitors. Genes Dev. 28,
2175–2187 (2014).
22. Villasenor, A. & Stainier, D. Y. R. On the development of the hepatopancreatic
ductal system. Semin. Cell. Dev. Biol. 66, 69–80 (2017).
23. Nicenboim, J. et al. Lymphatic vessels arise from specialized angioblasts within
a venous niche. Nature 522, 56–61 (2015).
24. del Toro, R. et al. Identiﬁcation and functional analysis of endothelial tip cell-
enriched genes. Blood 116, 4025–4033 (2010).
25. Canham, M. A., Sharov, A. A., Ko, M. S. & Brickman, J. M. Functional
heterogeneity of embryonic stem cells revealed through translational
ampliﬁcation of an early endodermal transcript. PLoS Biol. 8, e1000379
(2010).
26. Hunter, M. P. et al. The homeobox gene Hhex is essential for proper
hepatoblast differentiation and bile duct morphogenesis. Dev. Biol. 308,
355–367 (2007).
27. Schwenk, F., Baron, U. & Rajewsky, K. A cre-transgenic mouse strain for the
ubiquitous deletion of loxP-ﬂanked gene segments including deletion in germ
cells. Nucleic Acids Res. 23, 5080–5081 (1995).
28. Kisanuki, Y. Y. et al. Tie2-Cre transgenic mice: a new model for endothelial
cell-lineage analysis in vivo. Dev. Biol. 230, 230–242 (2001).
29. Lancrin, C. et al. The haemangioblast generates haematopoietic cells through a
haemogenic endothelium stage. Nature 457, 892–895 (2009).
30. Dumont, D. J. et al. Cardiovascular failure in mouse embryos deﬁcient in
VEGF receptor-3. Science 282, 946–949 (1998).
31. Makinen, T. et al. Inhibition of lymphangiogenesis with resulting lymphedema
in transgenic mice expressing soluble VEGF receptor-3. Nat. Med. 7, 199–205
(2001).
32. Veikkola, T. et al. Signalling via vascular endothelial growth factor receptor-3
is sufﬁcient for lymphangiogenesis in transgenic mice. EMBO J. 20, 1223–1231
(2001).
33. James, J. M., Nalbandian, A. & Mukouyama, Y. S. TGFbeta signaling is
required for sprouting lymphangiogenesis during lymphatic network
development in the skin. Development 140, 3903–3914 (2013).
34. Bazigou, E. et al. Genes regulating lymphangiogenesis control venous valve
formation and maintenance in mice. J. Clin. Invest. 121, 2984–2992 (2011).
35. Shields, B. J. et al. Acute myeloid leukemia requires Hhex to enable PRC2-
mediated epigenetic repression of Cdkn2a. Genes Dev. 30, 78–91 (2016).
36. Gaston, K., Tsitsilianos, M. A., Wadey, K. & Jayaraman, P. S. Misregulation of
the proline rich homeodomain (PRH/HHEX) protein in cancer cells and its
consequences for tumour growth and invasion. Cell Biosci. 6, 12 (2016).
37. Kershaw, R. M. et al. Proline-rich homeodomain protein (PRH/HHEX) is a
suppressor of breast tumour growth. Oncogenesis 6, e346 (2017).
38. Haemmerle, M. et al. Enhanced lymph vessel density, remodeling, and
inﬂammation are reﬂected by gene expression signatures in dermal lymphatic
endothelial cells in type 2 diabetes. Diabetes 62, 2509–2529 (2013).
39. Jackson, J. T. et al. Hhex induces promyelocyte self-renewal and cooperates
with growth factor independence to cause myeloid leukemia in mice. Blood
Adv. 2, 347–360 (2018).
40. Ober, E. A., Verkade, H., Field, H. A. & Stainier, D. Y. Mesodermal Wnt2b
signalling positively regulates liver speciﬁcation. Nature 442, 688–691 (2006).
41. Wigle, J. T. et al. An essential role for Prox1 in the induction of the lymphatic
endothelial cell phenotype. EMBO J. 21, 1505–1513 (2002).
42. Vanhollebeke B. et al. Tip cell-speciﬁc requirement for an atypical Gpr124-
and Reck-dependent Wnt/beta-catenin pathway during brain angiogenesis.
eLife 4, e06489 (2015).
43. Srinivasan, R. S. & Oliver, G. Prox1 dosage controls the number of lymphatic
endothelial cell progenitors and the formation of the lymphovenous valves.
Genes Dev. 25, 2187–2197 (2011).
44. Martinez-Corral, I. et al. Nonvenous origin of dermal lymphatic vasculature.
Circ. Res. 116, 1649–1654 (2015).
45. Bellini, C. & Hennekam, R. C. Clinical disorders of primary malfunctioning
of the lymphatic system. Adv. Anat. Embryol. Cell Biol. 214, 187–204 (2014).
46. Brouillard, P., Boon, L. & Vikkula, M. Genetics of lymphatic anomalies.
J. Clin. Invest. 124, 898–904 (2014).
47. Tammela, T. & Alitalo, K. Lymphangiogenesis: molecular mechanisms and
future promise. Cell 140, 460–476 (2010).
48. Proulx, K., Lu, A. & Sumanas, S. Cranial vasculature in zebraﬁsh forms by
angioblast cluster-derived angiogenesis. Dev. Biol. 348, 34–46 (2010).
49. Wang, Y. et al. Moesin1 and Ve-cadherin are required in endothelial cells
during in vivo tubulogenesis. Development 137, 3119–3128 (2010).
50. Jin, S. W., Beis, D., Mitchell, T., Chen, J. N. & Stainier, D. Y. Cellular and
molecular analyses of vascular tube and lumen formation in zebraﬁsh.
Development 132, 5199–5209 (2005).
51. Roman, B. L. et al. Disruption of acvrl1 increases endothelial cell number
in zebraﬁsh cranial vessels. Development 129, 3009–3019 (2002).
52. Covassin, L. D. et al. A genetic screen for vascular mutants in zebraﬁsh reveals
dynamic roles for Vegf/Plcg1 signaling during artery development. Dev. Biol.
329, 212–226 (2009).
53. Dunworth, W. P. et al. Bone morphogenetic protein 2 signaling negatively
modulates lymphatic development in vertebrate embryos. Circ. Res. 114,
56–66 (2014).
54. Okuda, K. S. et al. lyve1 expression reveals novel lymphatic vessels and new
mechanisms for lymphatic vessel development in zebraﬁsh. Development 139,
2381–2391 (2012).
55. Astin, J. W. et al. Vegfd can compensate for loss of Vegfc in zebraﬁsh facial
lymphatic sprouting. Development 141, 2680–2690 (2014).
56. Kontarakis, Z., Rossi, A., Ramas, S., Dellinger, M. T. & Stainier, D. Y. R. Mir-
126 is a conserved modulator of lymphatic development. Dev. Biol. 437,
120–130 (2018).
57. Thisse, C. & Thisse, B. High-resolution in situ hybridization to whole-mount
zebraﬁsh embryos. Nat. Protoc. 3, 59–69 (2008).
58. Cermenati, S. et al. Sox18 genetically interacts with VegfC to regulate
lymphangiogenesis in zebraﬁsh. Arterioscler. Thromb. Vasc. Biol. 33,
1238–1247 (2013).
59. Hogan, B. M. et al. Ccbe1 is required for embryonic lymphangiogenesis and
venous sprouting. Nat. Genet. 41, 396–398 (2009).
60. Jackson, J. T. et al. A crucial role for the homeodomain transcription factor
Hhex in lymphopoiesis. Blood 125, 803–814 (2015).
61. Shin, M. et al. Vegfc acts through ERK to induce sprouting and
differentiation of trunk lymphatic progenitors. Development 143, 3785–3795
(2016).
62. Gauvrit, S. et al. The role of RNA interference in the developmental separation
of blood and lymphatic vasculature. Vasc. Cell 6, 9 (2014).
63. Sivaraj, K. K. et al. G13 controls angiogenesis through regulation of VEGFR-2
expression. Dev. Cell 25, 427–434 (2013).
64. Davis, M. P., van Dongen, S., Abreu-Goodger, C., Bartonicek, N. & Enright, A.
J. Kraken: a set of tools for quality control and analysis of high-throughput
sequence data. Methods 63, 41–49 (2013).
65. Dobin, A. et al. STAR: ultrafast universal RNA-seq aligner. Bioinformatics 29,
15–21 (2013).
66. Liao, Y., Smyth, G. K. & Shi, W. featureCounts: an efﬁcient general purpose
program for assigning sequence reads to genomic features. Bioinformatics 30,
923–930 (2014).
67. Love, M. I., Huber, W. & Anders, S. Moderated estimation of fold change and
dispersion for RNA-seq data with DESeq2. Genome Biol. 15, 550 (2014).
68. Tripathi, S. et al. Meta- and orthogonal integration of inﬂuenza “OMICs” data
deﬁnes a role for UBR4 in virus budding. Cell Host Microbe 18, 723–735
(2015).
69. Kershaw, R. M., Siddiqui, Y. H., Roberts, D., Jayaraman, P. S. & Gaston, K.
PRH/HHex inhibits the migration of breast and prostate epithelial cells
through direct transcriptional regulation of Endoglin. Oncogene 33,
5592–5600 (2014).
Acknowledgements
We thank Klaus Kaestner for providing the Hhexﬂ/ﬂ line, Taija Mäkinen for the Prox1-
creERT2 line, Matthew Wheeler for the Tie2-cre line, Ann Atzberger for help with FACS
sorting, Radhan Ramadass for help during image acquisition, Marianne Ploch for help
with genotyping, and Christian Helker, Oliver Stone, Zacharias Kontarakis, and Jason Lai
for discussions and/or comments on the manuscript. P.K. is grateful to the Medical
Research Council Newton fund for funding (MR/N012615/1). Funding for this study was
provided in part by the Max Planck Society. The Novo Nordisk Foundation Center for
Stem Cell Biology is supported by a Novo Nordisk Foundation grant number
NNF17CC0027852.
Author contributions
S.G., A.V., B.S., P.K., M.M.C., R.M.-J., H.-M.M., P.-S.J., N.F., St.G. performed experiments
and analyzed data. M.A.C., J.M.B., and C.W.B. provided essential reagents. M.M.C.
NATURE COMMUNICATIONS | DOI: 10.1038/s41467-018-05039-1 ARTICLE
NATURE COMMUNICATIONS |  (2018) 9:2704 | DOI: 10.1038/s41467-018-05039-1 | www.nature.com/naturecommunications 13
contributed to manuscript writing. S.G. and D.Y.R.S. wrote the paper. D.Y.R.S.
supervised the work. All authors discussed the results and commented on the manuscript.
Additional information
Supplementary Information accompanies this paper at https://doi.org/10.1038/s41467-
018-05039-1.
Competing interests: The authors declare no competing interests.
Reprints and permission information is available online at http://npg.nature.com/
reprintsandpermissions/
Publisher's note: Springer Nature remains neutral with regard to jurisdictional claims in
published maps and institutional afﬁliations.
Open Access This article is licensed under a Creative Commons
Attribution 4.0 International License, which permits use, sharing,
adaptation, distribution and reproduction in any medium or format, as long as you give
appropriate credit to the original author(s) and the source, provide a link to the Creative
Commons license, and indicate if changes were made. The images or other third party
material in this article are included in the article’s Creative Commons license, unless
indicated otherwise in a credit line to the material. If material is not included in the
article’s Creative Commons license and your intended use is not permitted by statutory
regulation or exceeds the permitted use, you will need to obtain permission directly from
the copyright holder. To view a copy of this license, visit http://creativecommons.org/
licenses/by/4.0/.
© The Author(s) 2018
ARTICLE NATURE COMMUNICATIONS | DOI: 10.1038/s41467-018-05039-1
14 NATURE COMMUNICATIONS |  (2018) 9:2704 | DOI: 10.1038/s41467-018-05039-1 | www.nature.com/naturecommunications
